The Newark basin is a half-graben, bounded on its northwestern margin by a system of mostly normal-slip faults, many of which are reactivated Paleozoic thrust faults and were active at least sporadically during the deposition of the entire basin fill. As a result of alongstrike variations in displacement on the border fault system, subsidence increased from the lateral edges toward the center of the basin and from the hinged margin toward the border fault system. Some intrabasinal faults also formed during the deposition of units currently preserved in their hanging walls. Alongstrike variations in the density of intrabasinal faults probably reflect changes in the dip angle of the border fault system; variations in the amount of extension accommodated on these intrabasinal faults resulted in the formation of a transfer fault. Along-strike variations in fault displacement probably produced the transverse folds in the hanging walls immediately adjacent to border faults and major intrabasinal normal faults; some folds formed syndepositionally. Progressively younger strata onlap basement rocks along the hinged margin of the basin, and faults progressively incised into the footwall; the basin therefore grew deeper, wider, and longer through time.
INTRODUCTION
The Newark basin is perhaps the most extensively studied of the early Mesozoic basins of eastern North America that formed during the breakup of Pangea (Fig. 1) . The basin is approximately 190 km long, excluding the narrow neck connecting it with the Gettysburg basin to the west, and a maximum of 50 km wide. In general terms, the basin is bounded on its northwestern and northern margins by a system of mostly normal faults (subsequently referred to as the border fault system, or BFS; Figs. 1 and 2). Along the southeastern and southern margins, Mesozoic rocks rest unconformably on Precambrian and Paleozoic basement rocks; in places, Mesozoic rocks are buried by Cretaceous coastal plain strata. Although disrupted by intrabasinal faults and warped by transverse folds developed in the hanging walls of major normal faults, strata generally dip toward the BFS (Figs. 3 and 4) . The Newark basin is therefore a classic half-graben, the fundamental expression of continental extension.
Erosional truncation has exposed virtually the entire basin fill as well as the bounding and internal structures (faults, dikes, joints, and folds). Key stratigraphic markers can be traced great distances laterally in the basin ; the same chronostratigraphic units are exposed in each of the major intrabasinal fault blocks. Consequently, one can examine how the same unit varies in thickness and facies with structural position in the basin and thus address the age of formation of the BFS, intrabasinal faults, and folds. Excellent chronostratigraphic control coupled with a 25-m.y.-long synrift record allows one to document the evolutionary changes in basin geometry, including changes in the depth, width, and length of the basin, and the critical effect this had on the large-scale stratigraphic development of the basin. This is difficult to obtain in most extensional basins: virtually the entire synrift basin fill is buried by the modern depositional surface and/or hundreds of meters of water in active or recently active extensional settings and by thousands of meters of post-rift strata on ancient passive margins.
ups beneath Mesozoic basins commonly give the impression of listric geometry (Unger, 1988) . Until a depth-migrated version of the profile becomes available, the issue of the geometry of the BFS at depth will remain unresolved.
Given the variations in the surface dip of the BFS, cross sections through the northeastern, central, and southwestern parts of the Newark basin appear considerably different (Fig.  3 ). In the northeast the BFS consists of a moderately-dipping, continuous fault segment (the Ramapo fault; r in Fig. 2) , throw is maximized, and few if any rider blocks are present. In the central basin the dip of the BFS is 25¡-30¡, and the basin is cut by two major intrabasinal normal fault systems. In the southwest the BFS has the shallowest dip, rider blocks are common, and the basin is dissected by numerous intrabasinal faults.
Nearly all of the intrabasinal faults are northeast-striking normal faults synthetic to the BFS; a few faults are east-to east-southeast-striking (Fig. 6A) . The largest intrabasinal faults (in terms of stratigraphic separation) are the Flemington-Furlong, Hopewell, and Chalfont faults.
The Flemington-Furlong and Hopewell faults (f and h in Fig. 2 ) divide the central Newark basin into three fault blocks in which the Triassic stratigraphic section is repeated. The throw on the Flemington-Furlong fault is at least 4 km (see Fig. 3 ), and that on the Hopewell fault is estimated to be 2-3 km, based on the non-unique separation of stratigraphic units. Using the apparent offset of a fold that was assumed to have been once continuous across the Hopewell fault and the apparent right-lateral offset of the BFS along the postulated northeastward continuation of both the Hopewell and Flemington-Furlong faults, Sanders (1962) argued for up to 19 km of strike slip. However, the offset in the BFS is due to the presence of relay ramps; thus the intrabasinal faults could not have experienced significant strike slip. Coring indicates that the Flemington-Furlong fault dips 47¡-50¡ SE and experienced predominantly dip slip with a right-slip component; extension was southeast-directed (Ratcliffe and Burton, 1988) . Minor faults in the hanging wall of the Flemington-Furlong fault support a similar conclusion (Hozik, 1985) .
The east-striking Chalfont fault (c in Fig. 2 ) is exposed from the Flemington-Furlong fault in the east to its termination in the west apparently in the hinge of an anticline. The fault has been proposed to be a north-dipping reverse fault that is part of a fault-propagation fold (Faill, 1988) ; a southeast-dipping normal fault (Willard and others, 1959) ; and a left-lateral fault on the basis of its alignment with the left-lateral faults of the narrow neck (Manspeizer, 1988) . Sinistral slip is also supported by: (1) apparent sinistral offset of stratigraphic contacts, (2) sinsitral offset of a once continuous sub-vertical diabase dike (dc in Fig. 2 ), (3) drag folds consistent with left slip, and (4) minor, steeplydipping, left-slip fault zones subparallel to the Chalfont fault (Schlische and Olsen, 1988) .
The fault block to the south of the Chalfont fault (z in Fig. 2 ) contains numerous northeast-striking, southeastdipping, planar normal faults (Fig. 7; Watson, 1958) . The density of intrabasinal faults and the resultant horizontal extension in the southern fault block decrease to the west, where both the displacement on the Chalfont fault and the fault itself die out. The fault block to the north is relatively unfaulted internally. Therefore, the Chalfont fault is a transfer fault (terminology of Gibbs, 1984) separating two regions that experienced different amounts of extension; the fault dies out where the difference in extension also diminishes. Because the southern block locally had been extended more than the northern block, the sense of slip was left lateral. Since several gently northwest-plunging folds are present in this and other parts of the Newark basin (Figs. 1 and 2; see discussion below), it is likely that the association of the Chalfont fault with the anticline at its tip is coincidental, although one cannot dismiss the possibility that some degree of folding is related to movement on the fault.
Stratal Geometry
The average dip of bedding is 10¡ -15¡ NW. Systematic variations in dip angle are difficult to observe because of the effects of intrabasinal faulting and folding . However, in relatively structurally uncomplicated fault blocks, such as the footwall of the Flemington-Furlong fault along the Delaware River (dv in Fig. 2 ), certain trends do emerge. This region was divided into five equal-sized areas, and dip values were numerically averaged (Fig. 8) . With the exception of the area located adjacent to the BFS, where strata were affected by folding, faulting, and diabase intrusion, average dips generally decrease toward the northwest, the direction in which strata become younger, indicating that the BFS was active during deposition of the Stockton, Lockatong, and Passaic formations. A similar decrease has been observed in the New Brunswick, New Jersey, area (NB in Fig. 2 ).
The attitude of bedding generally defines a monoclinal structure dipping toward the BFS, although folding complicates this pattern. In addition, the general northwesterly dip of strata gives way to a southwesterly dip near the relay ramps of the BFS and at the northeastern termination of the basin and a northeasterly dip at the hinged margin at the southwest end of the basin. Overall basin geometry consists of a relay series of bowl-shaped structures plunging toward the BFS (see section D-D , Fig. 3 ).
Folds and Associated Structures
Two types of folds are present adjacent to major intrabasinal and border faults of the Newark basin: (1) those with axes generally parallel to the associated faults (drag folds and forced folds) and (2) those with axes generally perpendicular to the associated faults (transverse folds). Northeast-trending drag folds are present adjacent to the Flemington-Furlong fault (Ratcliffe and Burton, 1988) and the BFS along the Delaware River near Milford, New Jersey (Olsen and others, 1989 ) . The generally northeast-trending Watchung syncline (w in Fig. 2 ; see also section A-A , Fig.  3 ) may be a large forced fold (terminology of Robson, 1971) formed above an upward-propagating fault.
Transverse folds are best developed in the hanging wall of the BFS, but are also present in the hanging walls of the Flemington-Furlong and Hopewell faults (Fig. 2) . The faults themselves do not appear to be folded, nor are folds present in the footwall. Furthermore, the folds decrease in amplitude and die out completely away from the faults. The folds thus appear to be related to the normal faults responsible for basin subsidence.
In southeastern Pennsylvania transverse folds and diabase intrusions are interrelated. Quartz-normative diabase plutons (inferred to have been intruded at ~201 Ma) are generally concordant and sill-like in the synclines but commonly discordant to dike-like in the anticlines (Fig. 9) . Two concordant diabase bodies restricted to the fold axis of the Jacksonwald syncline resemble phacoliths and indicate that they were intruded during or after some folding of the enclosing Passaic Formation (Manspeizer, 1988; Schlische and Olsen, 1988) . The composition of the diabase also varies with respect to the folds (A. J. Froelich, pers. commun., 1989) . Denser cummulates (e.g., bronzite) are found within the structurally lower hinges of synclines (e.g., the phacoliths of the Jacksonwald syncline), whereas less dense late-stage differentiates (e.g., granophyre) are preferentially found on the limbs of synclines and the structurally higher crests of anticlines, suggesting folding during intrusion.
The Jacksonwald Basalt, which is equivalent to the Orange Mountain Basalt (Olsen and others, 1990 ) and inferred to have been emplaced at approximately the same time as the intrusion of the phacoliths, accumulated on a relatively flat (unfolded) surface. In the northern Newark basin, however, the Ladentown lavas (La in Fig. 1 ) may have been extruded across previously folded and dissected Triassic strata (Ratcliffe, 1980 , p. 293) , but the bulk of the folding post-dated extrusion (Ratcliffe, 1988) .
Several suites of minor structures are associated with the transverse folds in the southwestern Newark basin. Deformed mudcracks from the Jacksonwald syncline have been stretched parallel to the fold axis (Lucas and others, 1988) and/or shortened perpendicular to the fold axis. Tetrapod footprints from the syncline have been similarly deformed (Schlische and Olsen, 1988; Olsen and others, 1989; Silvestri, 1991) . The overall lack of discrete surfaces of deformation (solution surfaces, cleavage planes) in the rocks containing the deformed footprints from outcrops in Douglasville, Pennsylvania (Fig. 9) , even at the thin-section level of examination, suggest that deformation occurred shortly after sedimentation while the strata could still deform ductilely.
A northwest-striking, spaced pressure solution cleavage interpreted to be axial planar is present in mudstone in some parts of the Jacksonwald syncline (Lucas and others, 1988) and locally present in other folds. Because the axial planar cleavage does not fan about the axis of the Jacksonwald syncline, it formed late in the history of folding (Lucas and others, 1988) . Northeast-striking extension veins that cut the cleavage are the youngest structures to have formed in the syncline (Lucas and others, 1988) .
Dikes and Joints
Several diabase dikes intrude strata of the Newark basin and adjacent basement rocks. Outside the basin, all of the dikes are northeast-striking. The majority of the dikes within the basin are also northeast-striking and are interpreted to reflect the regional northwest-southeast extension direction (Fig. 6B ). In addition, west-northwest-striking dikes or dikelike features within the basin appear to define a northeastsouthwest local extension direction. Two of the northweststriking dikes are found at the lateral edges of the basin: the dike-like extension of the Palisades sill and the Birdsboro dike marking the boundary between the main Newark basin and the narrow neck (bd in Figs. 2 and 9) . A third major northwest-striking dike (the Solebury dike, sd in Fig. 2) intruded Paleozoic carbonate rocks of the basement inlier as well as the Stockton and lower Lockatong formations in the footwall of the Flemington-Furlong fault. Diabase intrusions are locally discordant, northwest-striking dike-like features within the transverse folds adjacent to the BFS in the Jacksonwald area of Pennsylvania (Fig. 9) .
Two orthogonal systems of joints that mutually cut one another generally parallel the two main dike trends ( Fig. 6C ; Schlische and Olsen, 1988; and may have formed coevally. Northeast-striking joints are commonly very well developed in hornfels of some diabase intrusions (Schlische and Olsen, 1988; Olsen and others, 1989) . The density of the predominantly northeast-striking joints diminishes abruptly away from the diabase and within the diabase itself, suggesting that the joints may be related to hydrofracturing associated with elevated fluid pressures at the time of intrusion in a stress field in which the effective minimum principal stress was sub-horizontal and southeastdirected.
STRATIGRAPHIC ARCHITECTURE
In this section, elements of the stratigraphy of the Newark basin that shed important light on its tectonic development are examined. These include: (1) conglomerate that accumulated on the downthrown sides of normal faults, (2) transverse and lateral changes in thickness and facies of time-equivalent units, and (3) onlap of strata onto basement rocks.
Conglomerate Adjacent to Normal Faults
Alluvial fan conglomeratic strata typically accumulate on the downthrown sides of terrestrial normal faults that were active during sedimentation. Such coarse-grained deposits are present along much of the length of the border fault system (e.g., Arguden and Rodolfo, 1986) . Because only the youngest strata are usually exposed adjacent to the BFS of an asymmetric half-graben, exposed conglomeratic strata are most prevalent in the Passaic, Feltville, Towaco, and Boonton formations. It is not obvious whether the underlying older units (the downdip ends of the exposed Lockatong and Stockton formations) in these areas also contain conglomerate. However, at a relay ramp where the Lockatong and Stockton formations are in contact with the BFS (C in Fig. 1; Fig. 5 ), both formations are coarsely conglomeratic and indicate that a significant source of relief existed in the footwall during their deposition. These conglomeratic strata pass laterally into finer-grained facies. On the NB-1 seismic profile, reflectors loose their coherency adjacent to the BFS (Fig. 4) , which may indicate the presence of alluvial fan conglomerate. If correct, then alluvial fan deposits would be present in the Passaic, Lockatong, and Stockton formations at depth. Very coarse-grained facies have not been observed in association with the major intrabasinal faults.
Variations in Thickness and Facies
The thickness of fixed-period lacustrine cycles varies considerably throughout the Newark basin both alongstrike and in a direction perpendicular to the BFS. The Perkasie Member of the Passaic Formation has been traced throughout the basin and crops out in every major fault block (Fig. 10, 11 ). The average thicknesses of the 20,000 year precession cycles are: 4.4 m at its northeastern-most outcrop (NB in Figs. 10 and 11 The Passaic Formation displays significant lateral changes in facies. In the central basin, the unit consists of mostly red cyclical lacustrine strata with some gray and black cyclical lacustrine strata (deposited under the deepest water). The frequency of gray and black units decreases to the northeast (Fig. 1 ). Fine-grained lacustrine rocks give way to coarser fluvial facies toward the northeast end of the basin and toward the narrow neck, where conglomerate is prevalent ( Figs. 1 and 9 ).
Average cycle thicknesses within the lower Lockatong Formation exhibit considerable along-strike variability: 1.6 m along the hinged margin near the northeast end of the basin (W and EC in Fig. 10 ), 5.6 and 6.2 m at Eureka and Gwynned, Pennsylvania (E and G), and 3.6 m near the southwest edge of the basin (FV). Cycles within the middle Lockatong Formation thicken in the dip direction: 5.3 m in the Nursery Road drill core (NR in Fig. 10 ) and 5.8 m along the classic Delaware River exposures (By). The trends in cycle thickness are mimicked by the outcrop width of the Lockatong Formation (Fig. 10) , which is greatest in the central basin and decreases to zero laterally. These changes cannot be explained by changes in dip, but the large map width south of the Chalfont fault is related to normal faulting (Fig. 7) .
In the northeast part of the basin, lacustrine cycles in Englewood Cliffs (EC in Fig. 10 ) contain a lower percentage of strata inferred to have been deposited under deep water than at the more southern exposures in Weehawken (W), reflecting a shoaling of the basin toward its northern terminus . In fact, farther to the north, those attributes that make the Lockatong a unique formation gray to black, often laminated to microlaminated mudstone disappear completely, and time-equivalents of the Lockatong Formation are mapped as Stockton and Passaic formations (Parker and others, 1988) .
The basin-wide changes in thickness and facies recorded in lacustrine strata of the Lockatong and Passaic formations clearly indicate that thickness and paleo-lake depth increase from the lateral edges toward the center of the basin and from the hinged margin toward the BFS and/or intrabasinal fault systems (Fig. 10 ). Similar variations in thickness and facies have been documented in the overlap sections of six cores recently obtained from the northeastern fault block of the Newark basin in New Jersey (Schlische and others, 1991) . Details of the cored sections will be presented elsewhere.
Early Jurassic formations, cored by the Army Corps of Engineers (ACE in Fig. 10 ; Fedosh and Smoot, 1988) , record markedly higher cycle thicknesses than any of the Triassic strata: 19 m for the Feltville Formation, 25 m for the Towaco Formation, and 11 m for the Boonton Formation (Olsen and others, 1989) .
Distinctive lacustrine units have been extensively mapped and cycle thicknesses determined within the Jacksonwald syncline (Fig. 9 ). Precession cycles of the Metlars Member average 9.2 m in thickness in the hinge of the syncline and 7.6 m and 5.1 m on the northern and southern limbs, respectively. The deepest-water part of the cycles contains finely-laminated claystone in the hinge; laminated claystone is absent and sandstone is much more abundant on the southern limb, which is situated closer to the edge of the basin. The uppermost unit of the Passaic Formation, located only a few meters below the Jacksonwald Basalt and very close to the BFS as well as the hinge of the syncline, has an average cycle thickness of 10.7-13 m (Olsen and others, 1990) . Furthermore, seismic reflection profiles from this region are interpreted to indicate that the Lockatong Formation is thicker in the hinges of synclines and thinner in the hinges of anticlines (Reynolds and others, 1990; Schlische and Reynolds, 1992) . All evidence strongly suggests structural control of sedimentation.
Cycle thicknesses and facies vary considerably throughout the Newark basin, but care must be taken in comparing cycle thicknesses in different age units. Although one might expect cycle thicknesses to increase toward the BFS, that prediction is not always borne out. In the Delaware River region, the cycle thickness is 7.5 m in the lower Lockatong Formation (Lu in . These changes reflect the evolutionary development of the basin the interplay among tectonically controlled basin capacity, sediment supply rates, and climate and not the along-strike and transverse variations existing at any particular time.
The fluvial Stockton Formation lacks Milankovitchperiod cycles. Nonetheless, the outcrop-based thickness of the entire formation varies from 1800 m in the footwall of the Flemington-Furlong fault (Olsen, 1980b) to 900 m in the hanging wall of the Hopewell fault (Willard and others, 1959) . The mapped width also decreases from the center of the basin to the northeast and southwest. On the NB-1 line (Fig. 3) , the interpreted Stockton Formation thins away from the BFS.
Onlap Geometry
All along the unfaulted margins of the Newark basin, Mesozoic strata rest unconformably on Paleozoic and Precambrian basement rocks. The Stockton Formation onlaps basement rocks along northeastern and southern margins of the basin (McLaughlin, 1945; McLaughlin and Willard, 1949; Willard and others, 1959) , with younger Stockton strata progressively onlapping structurally higher basement rocks laterally. At the northeastern termination of the basin, strata of the Passaic Formation rest directly on basement (Fig. 1) . The Stockton Formation is interpreted to onlap the basement rocks of the ramped hanging wall margin on the NB-1 line (Fig. 3) . Since the Stockton Formation was deposited by through-flowing streams, implying that the basin was filled to its lowest outlet , the onlap does not represent the progressive infilling of a pre-existing depression. Rather, the basin itself was growing both wider and longer (Fig. 12A) .
TECTONOSTRATIGRAPHIC EVOLUTION
In this section, structural and stratigraphic observations are combined to examine the following: (1) timing of border and intrabasinal faulting relative to sedimentation; (2) timing of folding relative to sedimentation; (3) growth of the basin through time and its effect on the large-scale stratigraphic development; and (4) the overall history of the Newark basin.
Border Fault System
Faill (1973, 1988) argued that if border faulting was syndepositional, then one would expect to find a progressive decrease in dip in younger strata. Faill saw no such systematic variation in dip; in fact, he observed that the youngest strata commonly had the highest dips. He also found little correlation between conglomerate and the BFS and concluded that most border faults within the Newark basin post-dated sedimentation. The observations presented in this paper suggest otherwise. In structurally uncomplicated areas, younger (unfolded) strata do dip less than older strata (Fig. 8) . Progressive changes in dip in other areas are probably complicated by transverse and drag folding adjacent to the BFS. Conglomeratic strata are almost always present along the BFS and in all sedimentary formations. Perhaps the best evidence of syndepositional faulting is the increase in thickness of many units toward the BFS. Hence, beginning with Stockton deposition, strata accumulated in an asymmetric basin controlled by at least sporadic syndepositional border faulting.
In addition to thinning away from the BFS in a transverse direction, time-correlative units thin appreciably toward the lateral edges of the basin; taken to the extreme, the basin itself terminates along-strike to the northeast. If these variations in thickness of units are a proxy for variations in basin subsidence, then subsidence was greatest near the center of the basin adjacent to the BFS and decreased away from this region in all directions.
The aforementioned variations in subsidence are similar to variations in displacement that occur in the volume of rock surrounding a blind normal fault (Barnett and others, 1987; Watterson, 1987, 1988) . A normal fault may be modeled as an approximately elliptical surface in which maximum displacement is located at the center of the fault and decreases to zero at the tip-line loop. Displacement also decreases in a direction normal to the fault surface, producing a typical reverse drag profile, even on planar faults. Slight modification of this model is required for synsedimentary faults (Gibson and others, 1989) , in which maximum displacement occurs where the center of the fault intersects the Earth s free surface. Based on the observed variations in stratal thicknesses and by analogy with the normal fault model, the BFS of the Newark basin experienced greatest fault displacement and resulting basin subsidence near the center of the BFS; both displacement and subsidence decreased toward the lateral ends and hinged margins of the basin (Fig. 12A) .
The scenario presented above is complicated by two factors. (1) The BFS does not consist of one continuous fault but a number of fault segments. Nonetheless, the hinged margin of the basin (defined by the Stockton-basement contact) defines a broad syncline plunging toward the BFS; its geometry does not appear to have been influenced by any segmentation of the BFS but rather the large-scale variations in displacement on the entire BFS (Fig. 12C) . (2) Basin subsidence was also influenced by the dip angle of the fault. Thus, the northeast part of the basin though situated at the along-strike end of the basin still experienced appreciable subsidence because of the steeper dip and hence greater throw of the BFS.
The synclinal downwarping as a result of a variable displacement field on the BFS may have created bending stresses within the basin, particularly in its lower, convexdownward reaches (Fig. 12A ). This may have established localized northeast-southwest extension, leading to the formation of the northwest-trending dikes and extensional joints within the basin. Alternatively, there may have been two mutually perpendicular directions of extension operating simultaneously.
According to the fault reactivation model of Ratcliffe and Burton (1985) , a regional east-southeast extension direction, perpendicular to the average strike of dikes, accounts for the dip-slip motion observed on most northeaststriking border faults and the left-lateral slip on east-striking faults. The resulting variations in throw produced variations in subsidence: based on outcrop width (7 km) and an average dip of 20¡), less than 3 km of strata are present in the narrowest part of the narrow neck, where strike slip predominated, in contrast to the greater than 6 km present in the central Newark basin (Fig. 3) .
Intrabasinal Faults
Based on outcrop studies alone, the intrabasinal faults appear to post-date the deposition of strata preserved in their hanging walls because none of the preserved strata (Stockton, Lockatong, Passaic, and Feltville formations) are known to contain any very coarse facies, and any thickening toward the intrabasinal faults may also be explained by the known thickening toward the BFS (e.g., Faill, 1988; Schlische and Olsen, 1988; Olsen et al., 1989; . Recent subsurface data, however, suggest otherwise. The percent thickening between overlap sections of the upper Lockatong Formation from the top of the Nursery Road core (NR in Fig.  10 ) to the bottom of the Titusville core (T) is 4.8% over a distance of 3.4 km in the dip direction. When this rate of thickening is linearly extrapolated from the Nursery Road site to the outcrops of the middle Lockatong Formation along the Delaware River (By), it predicts an average cycle thickness of 7.1 m, not the observed 5.8 m (By in Fig. 10 ). Either the rate of thickening decreased toward the BFS, which is unlikely in an asymmetric half-graben, or rates of thickening were independent in each fault block, requiring that at least one of the intrabasinal normal faults was active during the deposition of the Lockatong Formation (Schlische and others, 1991) . On the basis of seismic data, the Chalfont fault is interpreted to have been syndepositionally active (Reynolds and others, 1990) . Although different fault blocks were subsiding independently and may have contained separate lakes, strata can be correlated across faults because the lacustrine cycles responded to the same climatic forcing.
The increasing density of intrabasinal faulting from northeast to southwest is apparently related to the decreasing dip of the BFS in the same direction (see Fig. 3 ). A larger number of intrabasinal faults may have accommodated the extension in areas where the original dip of the BFS was shallower. The BFS probably has also undergone some flexural rotation to shallower dip angles as a result of isostatic unloading of the footwall block (sensu Buck, 1988; Wernicke and Axen, 1988) , which should have been greater in areas of higher fault displacement (e.g., near the center of the basin).
Timing and Origin of Folding
The present body of evidence strongly suggests that at least some of the transverse folding in the Newark basin was synsedimentary. Lacustrine cycle thicknesses are greater in the hinge of the Jacksonwald syncline than on the limbs (Fig.  9) , and seismic lines are interpreted to reveal greater thicknesses of units in the hinges of synclines than on the fold limbs and in the hinges of anticlines; this is to be expected if folding and sedimentation were coeval. Structural thickening in fold hinges when it occurs should be observed in both synclines and anticlines. Some minor thrust faults are present within the hinge of the Jacksonwald syncline, but only account for a thickening of a few millimeters.
The strained tetrapod footprints and desiccation cracks at least in some areas may have been ductilely deformed, implying that fold-related deformation possibly occurred shortly after sedimentation but prior to significant dewatering and/or lithification. The phacoliths within the hinge of the Jacksonwald syncline (Fig. 9) imply that some folding occurred during or before intrusion (Manspeizer, 1988; Schlische and Olsen, 1988) . The relative conformity of diabase plutons in synclines and disconformity in the hinges of anticlines and the distribution of diabase types at various structural levels within the folds imply that the diabase sensed the presence of folds during intrusion.
Paleomagnetic work further defines the timing of the folding in the Jacksonwald syncline. Red beds contain two components of magnetization (Witte and others, 1991; . The first component was acquired shortly after deposition and before significant folding, whereas a secondary overprint, dated at approximately 175 Ma, was completely post-folding and requires that deformation ceased prior to the onset of seafloor spreading at 175 Ma. Paleomagnetic data from the Jacksonwald sill also supports some folding prior to intrusion (Stuck et al., 1988) .
The time of formation of transverse folds adjacent to dip-slip intrabasinal faults is unknown. However, because it is likely that at least one of these faults formed syndepositionally, then the folds may have formed at the same time.
The formation of the transverse folds in the Newark basin has been attributed to post-depositional regional shortening (Sanders, 1963) , strike-slip along the BFS (Manspeizer, 1980) , the operation of a regional sinistral shear zone along the future Kelvin-Cornall fracture zone (Manspeizer, 1981) , and a northeast-southwest oriented compressive _ 2 during basin formation (Ratcliffe and Burton, 1985) . These four models can be discounted because (1) some folds formed syndepositionally, (2) most folds are oriented nearly perpendicular to the associated faults not the 45¡ or less that is required if the folds were related to strike slip on the faults (Christie-Blick and Biddle, 1985); (3) the associated faults experienced predominantly dip-slip, and (4) northwest-striking dike-like intrusions (e.g., bd in Fig. 9 ) indicate northeast-southwest extension rather than shortening during folding. Schlische and Olsen (1988) postulated that the folds formed in the concave-upward portion of a synformally downwarped basin, but this model requires external and unaccounted for lateral shortening. Wheeler (1939) proposed that the transverse folds resulted from differential displacement along normal faults as a result of irregularities in the fault surface, which he called fault-line deflections: synclines formed where the fault was convex toward the footwall, and anticlines formed where the fault was convex toward the hanging wall; the decrease in amplitude of the folding away from the fault would be a consequence of an evening out effect with distance from the fault line deflections. Seismic reflection profiles, however, indicate that folds in the subsurface are not associated with any undulations along the fault surface (D.J. Reynolds, pers. commun., 1991).
As discussed above, normal faults display along-strike variations in displacement. Therefore, the folds may have formed as a result of a variable amounts of slip along the associated faults: synclines formed in areas of locally higher fault slip, and anticlines formed in areas of locally lower fault slip (Fig. 12B) . The segmented nature of the BFS in the Newark basin and of normal faults in general (e.g., Schwartz and Coppersmith, 1984; Jackson and White, 1989; Peacock and Sanderson, 1991) makes this mechanism even more plausible (Fig. 12C) . In the southwest part of the basin (Fig. 9) , synclinal axes are located at the approximate centers of fault segments where displacements are expected to be highest; anticlinal axes are situated where fault segments overlap or terminate, where displacements are expected to be lowest. Not all folds, however, appear to be related to fault segmentation. For example, the transverse folds along the Ramapo fault are not associated with any obvious segmentation, but the fault may be imprecisely mapped. Alternatively, second-order variations in fault displacement on longer fault segments may have produced the folds (Fig.  12B) .
If the folds did result from along-strike variations in fault displacement, then the folds are only apparent shortening structures, and bed lengths must have increased over their pre-warping dimensions (Fig. 12B) . Thus, some fold-axis parallel extensional structures (generally oriented northwestsoutheast) are required. The dike-like diabase intrusions that inhabit the hinges of the anticlines (Fig. 9 ) may have accommodated some of this northwest-southeast extension, but this model does not explain the formation of an axial planar cleavage a result of true shortening late in the history of folding. One possibility is that the cleavage is restricted to the inner arcs of clusters of beds in the synclines that buckled independently during warping and experienced localized shortening , with requisite extensional structures on the outer arcs (Fig. 12B) . More data on the distribution of the cleavage and extensional structures are required to test this hypothesis.
Transverse folds are not unique to the Newark basin and are present within the early Mesozoic Fundy, Deerfield, Hartford, Gettysburg, Culpeper, Taylorsville, and Deep River basins of eastern North America ; the Mesozoic rift basins of eastern India (Withjack and Gallagher, 1983) ; the Railroad Valley basin of the Basin and Range of Nevada (Vreeland and Berrong, 1979) ; and the East African rift system (D.J. Reynolds, pers. commun., 1990 ). Transverse bedrock ridges or basement highs adjacent to fault segment boundaries and valley lows associated with segment centers in the Basin and Range (Crone and Haller, 1991; Zhang and others, 1991) appear to be additional analogues.
Basin Growth and Effect on Stratigraphy
Onlap geometries indicate that the basin was growing wider and longer through time. This is a natural consequence of the accumulation of displacement on normal faults. In general, shorter-length (the along-strike dimension) faults exhibit less maximum displacement than larger-length faults; this is interpreted to reflect a growth sequence, with fault length increasing as displacement accumulates (Watterson, 1986; Watterson, 1987, 1988; Cowie and Scholz, 1992) . Gibson and others (1989) and Schlische (1991) extended these models to fault-bounded basins and concluded that basins ought to grow deeper, wider, and longer through time (Fig. 12A ). When these model sedimentary basins are infilled, strata progressively onlap basement rocks of the hanging wall block (Fig. 12A) .
Given the segmented nature of the BFS and fault growth, it is possible that during the earliest stages of basin evolution, what was to become the Newark basin consisted of a number of border fault segments with isolated depositional basins (Fig. 13) . These basins must have quickly coalesced, because the Stockton Formation now exposed at the surface forms a continuous outcrop belt along the hinged margin of the basin. Bear in mind that onlap relationships require that the part of the Stockton Formation in contact with basement rocks along the hinged margin is younger than the oldest (buried) deposits.
Footwall-incised rider blocks (Figs. 3 and 5 ) also indicate that the basin widened through time. Footwallpropagating faults may have formed by gravitational collapse (Gibbs, 1984) to relieve excessive isostatically driven footwall topography ; this process may have been aided by the pervasive southeast-dipping grain of the footwall rocks inherited from the Appalachian orogenies.
Since the basin was deepening, widening, and lengthening through time, the change in the rate of increase in the volume of capacity of the basin was positive; i.e., the incremental capacity of the basin increased through time (Schlische, 1991) . This had a profound effect on the largescale stratigraphy of the Newark basin, as originally discussed by Schlische and Olsen (1990) . The throughflowing streams of the Stockton Formation were deposited in a basin in which incremental capacity was overwhelmed by the available volume of sediment, so that excess sediment and water flowed out of the basin. The fluvial-lacustrine transition (Stockton-Lockatong) occurred when the incremental capacity of the basin exceeded the available volume of sediment; a lake then occupied the excess capacity of the basin. The decreasing lacustrine cycle thicknesses throughout the Triassic may represent a basin in which incremental capacity increased faster than the rate at which sediment was supplied to the basin, so that sediment was distributed over a progressively larger depositional surface area. Alternatively, with incremental capacity constant or decreasing, the volume of sediment supplied to the basin may have decreased, perhaps as a result of increasing aridity through the close of the Triassic. Paleo-lakes during even the wettest of the Milankovitch cycles within the Passaic Formation appear to have been shoaling during this time, but this may also be a consequence of water distributed over a progressively larger volume due to basin growth.
The trend toward thinner and drier lacustrine cycles in younger strata is abruptly terminated in the earliest Jurassic strata underlying and interbedded with the lava flows. An increase in the extension rate may have asymmetrically deepened the basin, causing sediment and water to preferentially accumulate adjacent to the BFS, thereby increasing both cycle thickness and paleolake depth. The minimum heave (extension) on the BFS for the Newark basin (see section A-A', Fig. 3 ) was ~2.8 km during the ~20 m.y. of Passaic deposition (based on cyclostratigraphy; Schlische and Olsen, 1990 ) but ~0.8 km during the ~0.6 m.y. of accumulation of the Early Jurassic lava flows and interbedded strata. Alternatively, a wetter Jurassic climate may have brought in more water and sediments to the basin, increasing both cycle thickness and paleolake depth. For this hypothesis to work, the actual extension rate during deposition of the Passaic Formation needs to have been greater than the minimum value reported above, and the basin needs to have become progressively more sedimentstarved through the Triassic in order to accommodate the deeper Jurassic lakes. Cycles within the post-extrusive Boonton Formation are thinner and accumulated in shallower water; the minimum extension rate was ~0.9 km/2 m.y.
History of the Basin
Based on the age of the oldest biostratigraphically dated strata currently exposed (Cornet and Olsen, 1985) , extension began at the latest in Late Carnian time and resulted in the brittle reactivation of several Paleozoic thrust faults as normal faults, creating several, possibly sedimentologically isolated, sub-basins in which fluvial deposits accumulated. The slipped areas of the individual faults quickly increased, and the sub-basins merged to form the Newark basin. As a result of footwall collapse indicated by rider blocks and as displacement on the border fault system accumulated, the basin grew in width, length and depth through time (Fig. 13) , resulting in the transition from fluvial deposition (Stockton Formation) to lacustrine deposition (Lockatong Formation). Hanging wall onlap also indicates that the basin widened and lengthened through time. Variations in thickness of a given unit reflect the syndepositional activity and along-strike variations in displacement of the intrabasinal and BFS faults. The Lockatong and Passaic formations in southeastern Pennsylvania record evidence of syndepositional folding, also in response to along-strike variations in fault displacement.
In latest Triassic time, the Newark basin may have experienced a vastly higher extension rate. This may have resulted in sufficiently rapid thinning of the crust to generate adiabatic melting in the mantle and result in extrusive and intrusive igneous activity in the basin 40,000 years after the start of Jurassic time (Olsen and others, 1990) . Magma intruded the hinge of already folded strata of the Jacksonwald syncline, forming phacoliths, while the Jacksonwald sill intruded partially folded strata and the Jacksonwald Basalt flowed over a nearly flat surface. Igneous activity lasted only 600,000 years (Olsen and Fedosh, 1988; Olsen and others, 1989) , and the extension rate also decreased during postextrusive Boonton Formation deposition.
Faulting, folding, and sedimentation probably continued until ~175 Ma, when continental rifting gave way to tectonically quiescent drifting (Klitgord and Schouten, 1986) . Also at this time, a major hydrothermal event reset isotopic clocks (Sutter, 1988) and remagnetized red beds (Witte and others, 1991; . This hydrothermal event may have been associated with the magmatism responsible for the emplacement of seaward-dipping extrusions at the newly formed continent-ocean boundary (Sheridan and others, 1991) . No additional tilting or folding occurred after ~175 Ma ). The Newark basin was then eroded from Middle Jurassic to Early Cretaceous time. Thermal maturity studies (Pratt and Burruss, 1988) and fission track analysis (Kohn and others, 1988) revealed that approximately 2 km of post-Early Jurassic strata were removed by erosion. During the Early Cretaceous period, high sea levels and/or flexural loading of the passive margin caused coastal plain sediments to overlap the Newark basin, effectively blanketing the basin and preventing further erosion. Much of this coastal plain cover was then stripped during the Pleistocene epoch.
DISCUSSION
Along-strike variations in fault displacement have been invoked in this paper to account for both the transverse folds and the overall plunging synclinal geometry of the basin. Enigmatically, the transverse folds appear to have been influenced by segmentation of the border fault system, whereas the larger-scale basin geometry represented by the position of the Stockton-basement contact was not (Fig.  12C) . One possibility is that some older BFS was mainly responsible for the larger basin geometry and that a younger BFS, which progressively evolved as a result of footwall incisement, most influenced the transverse folds. Alternatively, the transverse folds may reflect displacement variations on the nearest down-plunge fault segment, whereas the position of the hinged margin may reflect the sum of all fault displacements, including buried and intrabasinal faults. Anders (1991) noted that although many basement highs in the Basin and Range are associated with segment boundaries, the amount of footwall uplift is commonly unaffected across these boundaries. He proposed that basement highs form in areas of fault splaying so that displacement on any one fault and total basin depth are reduced; in contrast, footwall uplift reflects the sum of displacements on all faults, which presumably merge at depth.
Longitudinal hanging wall onlap relations in the Newark basin and published fault-length/ displacement relationships for dip-slip faults indicate that the basin and its BFS increased somewhat in length through time. If individual fault segments also increase in length through time, then the ends of faults (segment boundaries) may migrate. In the East African rift system, early isolated half-graben within what is now Lake Malawi eventually merged as the tips of the boundary faults propagated laterally (Ebinger, 1989) . Accommodation zones developed in areas where the propagating fault tips overlapped, and sediment accumulations are highest at the centers of border fault segments (Ebinger, 1989) .
Hanging wall onlap and footwall-incised rider blocks indicate that the Newark basin lengthened and widened through time. Transverse onlap geometries have also been observed in the following half-graben: Fundy, Richmond, Atlantis, Long Island and Nantucket basins of eastern North America; Hopedale and Saglek of the Labrador margin, North Viking of the North Sea; Tanganyika of East Africa, Dixie Valley, Northern Fallon, Diamond Valley, Railroad Valley, and the Great Salt Lake basin of the Basin and Range [see Schlische and Olsen (1990) for references]. Basin lengthening, widening, and deepening imply that the incremental basin capacity should increase through time unless fault displacement rates decrease (Schlische, 1991) . This increase in incremental capacity predicts that any initial fluvial deposits (sediment supply exceeds incremental capacity) should be overlain by lacustrine deposits (incremental capacity exceeds sediment supply). Initial fluvial deposits succeeded by younger lacustrine strata are present in the following terrestrial extensional basins: Keweenawan of the North American mid-continent; Morondava of Madagascar; Mombasa of Kenya; Deep River, Dan River, Richmond, Culpeper, Gettysburg, Hartford/Deerfield, and Fundy of eastern North America; Sudan; and West African of Gabon and Angola [see Schlische and Olsen (1990) and Lambiase (1991) for references].
SUMMARY AND CONCLUSIONS
1. The Newark basin is a half-graben, bordered on its northwestern margin by a series of normal faults, many of which have reactivated Paleozoic thrust faults. The border fault system has a relay geometry and contains a number of rider blocks in which younger faults propagated into the footwall, possibly due to gravitational collapse of the isostatically uplifted footwall.
2. Strata of all ages thicken toward the BFS, where they contain conglomeratic facies, indicating that the border faults were active during sedimentation. In some structurally uncomplicated regions, younger strata dip less steeply than older strata, indicating syndepositional rotation of the hanging wall. Lacustrine strata thicken and were deposited under deeper-water conditions from the lateral edges toward the center of the basin, indicating that the basin generally subsided more at its center than at its ends, reflecting alongstrike variations in displacement on the entire BFS.
3. Some intrabasinal faults were at least sporadically active during the deposition of the units currently preserved in their hanging walls. Most intrabasinal normal faults are synthetic to the BFS.
4. The Chalfont fault is a left-lateral, intrabasinal transfer fault separating regions of differential extension and dies out where the differential extension is zero. Variations in the density of intrabasinal faults are attributed to variations in the dip angle of the BFS, which generally decreases to the southwest.
5. Transverse folds, some of which formed syndepositionally, characterize the hanging walls of the border and intrabasinal normal faults and likely formed as a result of along-strike variations in fault displacement; border fault segmentation apparently controlled the location of some of the folds.
6. Younger strata progressively onlap structurally higher basement rocks on the hanging wall and indicate that the basin grew in width and length through time; the BFS similarly increased in length.
7. As the basin deepened, widened, and lengthened, initial fluvial deposition gave way to lacustrine sedimentation in a sediment-starved basin. Corps of Engineers core holes; Bo, Boyertown; C, Clinton; Ju, Jutland; La, Ladentown; N, Newark; NB, New Brunswick; and NYC, New York City. Map compiled from Berg (1980), Olsen (1980b) , Ratcliffe and others (1986) , Lyttle and Epstein (1987) , Parker and others (1988) , Ratcliffe and Burton (1988) , Schlische and Olsen (1988) , P. E. Olsen (pers. commun., 1987 ), H. Houghton (pers. commun., 1990 , and mapping by P. E. Olsen, M. Levy, and the author. Inset shows location of Newark basin with respect to other exposed early Mesozoic basins in eastern North America. Modified from . Ages derived from Schlische and Olsen (1990) .
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